We provide an extensive, accurate and complete new spectroscopic data set for many levels belonging to the intermediate perturbing Rydberg series ns[K] J (5n8), nd[K] J (4n7) and the autoionizing Rydberg series np[K] J (5n7) and nf[K] J (4n5) relative to the ground state 4p 6 1 S 0 for neutral krypton-83 isotope. The data set is composed of the energy levels, the oscillator strengths f , ij the radiative transition rates A , ij the Landé g-factors, the magnetic dipole and electric quadrupole hyperfine constants. The values of these spectroscopic parameters are calculated in the multiconfiguration Dirac-Hartree-Fock (MCDHF) framework. The calculations are carried out in the active space where the electron correlation effects, contributions from relativistic configuration interaction (RCI), the quantum electrodynamics (QED) effects with transverse photon Breit interaction and vacuum photon polarization, specific mass shift and self-energy corrections are included. In addition, we provide the oscillator strengths and transition rates in Coulomb and Babushkin gauges for the 4p ( 2 P)7p transition arrays. Extensive comparisons with other experimental and theoretical data from the reference databases are carried out in order to judge the reliability of our data. These comparisons indicate that our results are accurate. The present spectroscopic data may be useful for line identification in observed spectra as well as modelling and diagnostics of astrophysical and fusion plasmas.
Introduction
Knowledge of reliable spectroscopic data in krypton spectra with which we are involved, is required in various fields of physics, such as astrophysics, determination of plasma composition, physics of lasers and photoionization processes [1] [2] [3] . These data include the energy levels, the oscillator strengths f , ij the radiative transition rates A , ij the Landé g-factors, the magnetic dipole and electric quadrupole hyperfine constants. It is well known that the singly ionized krypton atoms have a ground term consisting of two odd-parity states 4p 5 2 P 3/2 and 4p 5 2 P 1/2 . Furthermore, these atoms possess two adjacent ionization limits commonly called I 3/2 and I 1/2 , corresponding to 4p 5 2 P 3/2 and 4p 5 2 P 1/2 , respectively. The most accurate value of the first ionization limit I 3/2 =112 914.41±0.02 cm −1 was reported by Bounakhla and co-workers [4] which is in excellent agreement with the values that reported by Delsart and co-workers [5] (I 3/2 =112 914.47±0.03 cm
) and Aymar and co-workers [6] (I 3/2 =112 914.49±0.03 cm −1 ) whereas it is in a satisfactory agreement with the value that reported by Yoshino and Tanaka [7] (I 3/2 =112 914.6±0.1 cm −1 ). On the other side, the new value series converge to these limits of ionization. The ones converging to the first limit are bound whereas some of those converging to the second limit are autoionized. Thereupon, the energy levels belonging to the Rydberg series that located below the first limit of ionization overlap and interact with each other, resulting in perturbations, while those belonging to the Rydberg series above the first limit are autoionizing into the adjacent continuum [8] . Therefore, their experimental data are difficult to be investigated and hard to be obtained. To that end, optical and laser spectroscopy with classical methods of detection is insufficient to detect the electronic transitions from the ground state to the states of these series. The bound levels are quenched by collisional ionization while the autoionized ones are quenched by spontaneous autoionization decay [9, 10] . Racah coupling scheme [11] is commonly used to label the energy terms of the excited levels. These levels are labelled by 4p 5 nl [k] J and 4p 5 n′l′ [k] J depending on the state of the core 2 P 3/2 and 2 P 1/2 , respectively. The prime is employed to denote the levels that are built on the 4p 5 2 P 1/2 parent ion level. Over the last decades, a large number of various experimental and theoretical works have been made in order to determine the position of the energy levels of the high-lying Rydberg states of krypton. The energy of the levels belonging to the odd parity autoionizing Rydberg series of krypton has been investigated using two-photon laser optogalvanic spectroscopy or a vacuum ultraviolet (VUV) optical spectroscopy with excitation from the 4p 6 1 S 0 ground state. Ahmed and co-workers [8] used two-photon laser optogalvanic spectroscopy in order to provide new energy data on the odd-parity bound and autoionized Rydberg series of krypton. They provided the energy data for the series 4p 5 . In addition to their experimental results, Ahmed and co-workers used multichannel quantum defect theory (MQDT) [12] in order to investigate the interchannel interaction between the overlapping Rydberg series. Klar and co-workers [13] recorded accurate values for the resonance position of the low-lying autoionizing Rydberg series 4p 5 . In 2002, Brandi and coworkers [15] measured five transitions from the 4p 6 1 S 0 ground state of 86 Kr to the 5d [ [16] . Using excitation from the ground state, photoelectron angular distribution in threephoton ionization spectrum of 8s′ [1/2] 1 , 6d′ [3/2] 1 , and 5g′ [7/2] 3 has been studied by Dehmer and co-workers [17] . Autoionizing resonances of some ns′ [1/2] 1 (n=8-10, 12) and 6d′ [3/2] 1 have been investigated by Wu and co-workers [18] by using synchrotron-based photoelectron spectroscopy of ground state Kr atoms with photon resolution less than 0.23 cm . Maeda and co-workers [19] reported, with resolution of 0.074 cm −1 , the energies of the series ns′ [1/2] 1 (8n14) and nd′ [1/2] 1 (6n12) relative to the ground state using high resolution VUV absorption spectra in parallel with a complete MQDT analysis of the resonance lineshapes. In 1994, Koeckhoven and co-workers [20] investigated autoionizing resonances ns′ [1/2] 1 (8n20), nd′ [3/2] 1 (6n24), nd′ [5/2] 3 (8n14) and ng′ [7/2] 3 (5n11) by using three-photon excitation from the ground state and derived quantum defect and width parameters.
On the other hand, the investigation of even-parity autoionizing Rydberg states of krypton is much less comprehensive and the spectral resolution is much poorer [21] [22] [23] [24] [25] [26] . Recently, Li and co-workers [21] have investigated the even-parity autoionizing resonance series np′ [ (7n22) using optogalvanic laser spectroscopy. Recently, Li and co-workers [22] reported a systematic experimental study of the even-parity autoionizing Rydberg series np′ [3/2] 1,2 , np′ [1/2] 1 (8n<38) and nf′ radiofrequency field is too short to be detected. From a theoretical point of view, the calculated results of the Landé g-factors for some levels belonging to certain series might be affected by perturbation due to configuration interaction as well as spin-orbit interaction [10] .
The last spectroscopic parameters considered here are the magnetic dipole and electric quadrupole hyperfine constants. For most of the rare-gases atoms including krypton, few data on these parameters are found in reference databases. However, several experimental techniques have been employed over the last decades in order to measure experimentally these constants for the configurations np 5 n′p of rare gas atoms. Among the more fruitful of these experiments have been the traditional optical and radio-frequency spectroscopy and levelcrossing technique. As an example of these techniques, we quote the measurements of hyperfine constants for the levels 5p [ 83 using the same experimental-setup of Husson and co-workers [66] . Actually, these levels possess three components and their structure extends over a narrower range than lines due to transitions between two levels owning hyperfine structure. For that reason, these levels are the most preferable ones for accurate measurements of hyperfine constants. On the other hand, Jackson [74] 83 Kr. The hyperfine structure constants for many other levels belonging to the bound or the autoionized Rydberg series have not been experimentally measured or theoretically calculated. Most probably, levels with J=3 are connected by radiative transitions to only one lower level. Under this state of affairs, it is difficult to detect the atomic radiation that matches the one used for excitation in level-crossing experiment. Consequently, their accurate measurements present challenging difficulties.
After all, experimental and theoretical data of spectroscopic parameters of krypton atoms are scarce. Moreover, most of these data cover only levels belonging to 84 Kr and 86 Kr, whereas data for levels belonging to 83 Kr are extremely poorly known. Therefore, it has been considered interesting to provide these missing data either experimentally or theoretically. For a purpose to fill this gap and to provide new reliable and precise data that meet the practical need, we devote this paper. In this paper, spectroscopic data set for many levels belonging to the intermediate Rydberg series ns[K] J (5n8), nd[K] J (4n7), np[K] J (5n7) and nf[K] J (4n5) relative to the ground state 4p 6 1 S 0 for the neutral krypton-83 isotope are calculated. The data set is composed of the energy levels, the oscillator strengths f , ij the radiative transition rates A , ij the Landé g-factors, the magnetic dipole and electric quadrupole hyperfine constants. Also, the oscillator strengths and transition rates in Coulomb [75, 76] and Babushkin [77] [78] [79] gauges for the 4p 
7p transition arrays are computed. The computation was realized using MCDHF method that permits researchers to take electron correlation and corepolarization in addition to the quantum electrodynamics (QED) effects with transverse photon Breit interaction and vacuum photon polarization and self-energy corrections into account on the same footing. The accuracy of the obtained results was judged by comparing them with the corresponding experimental and theoretical ones available in reference databases.
Brief description of the MCDHF method 2.1. Wavefunctions and Hamiltonian
Accurate calculations of spectroscopic parameters of a many-electrons atom cannot be done without the involvement of relativistic corrections. To take into account these corrections, we have to construct the N-electron wavefunction, where N is the number of electrons. These wavefunctions are central-field oneelectron orbitals. The one-electron wavefunction of both the core-and valence-excited configurations can be written in terms of the Dirac four components spinors r iP r Q r , , 1 
Where V r nk ( ) is the sum of the nuclear potential and the direct Coulomb potential, P C and Q C include all the two electrons interactions expected for the direct Coulomb instantaneous repulsion, and nk  are Lagrange parameters employed in order to put into effect the orthonormality restrictions
On the other hand, the radial functions P r nk ( ) and Q r nk ( ) must satisfy the boundary conditions: P r Q r r r 0 when 0 , 7
The Dirac four components spinors given by equation ( 
All of these configuration state functions have the same parity and magnetic quantum number m and b i 's are the expansion coefficients, determined by the constraint that the CSF is an eigensate of the total angular momentum operator J 2 and J .  
and the second term is the Breit operator for electron-electron interaction 
where V r N ( ) is the potential due to the nuclear charge, given by
where Z is the atomic number and R A 2.022 10
=´-/ denotes an empirically fixed nucleus radius, while A is the nucleus mass number.
Obviously, these Hamiltonians contains the instantaneous Coulomb repulsion, the magnetic interaction and the electron-electron interaction due to the finite value of the speed of light. At this stage, it is worthwhile to reveal that the Breit interaction is further included in sequence in the calculation of relativistic configuration interaction (RCI).
Reduction to radial integrals
The expectation value of the total Hamiltonian will include corrections from the one particle Dirac Hamiltonian, the Coulomb repulsion and the Breit interaction. Using equation (15) 
In equation (17) , the first integral includes the contribution of subtracting the rest mass energy, the second integral includes the kinematics operator P i a ⋅ˆand the third integral includes the electron-nucleus interaction.
For the two-electrons operator given by equation (12) 
Here the smaller and the greater of the vectors r i  and r j  are denoted by r < and r , > P k are the Legendre polynomials and δ is the angle between the vectors r i  and r ; j  more precisely, between the directions 1 1 q j and .
q j
By using the theorem of addition of spherical harmonics, equation (18) can be expressed in terms of tensor product as follows
By means of equation (19) , the two-electrons antisymmetrised matrix elements can be written as
where a denotes the shell with quantum numbers n k a b and the same things for b, c, and d, and the radial part R k is the relativistic Slater integral given as R abcd r
and the angular part can be expressed in terms of 3-j symbols as follows
by assuming that the radial functions are the same within certain shells a, b, c, and d. Here ( ) represents the 3j-symbol. However, the following triangular condition must be satisfied
In addition to that condition, l l k a c + + and l l k b d + + must both be even.
On the other hand, the reduction to radial integrals of the second term of equation (12) becomes
Here j k and k h are the regular and irregular spherical Bessel functions, respectively. The following triangular conditions must be satisfied
In addition to the above condition, l l k a c + + and l l k b d + + must both be even. Here, the minus symbol '−' denotes the shell for the small component and l denotes the orbital quantum number for the small component.
The ζ coefficients are defined as 
with the same triangular condition and parity given by equation (27) . 
where M if is the matrix element for a relativistic radiative transition of a single electron multipole operator of order L [82] . This matrix element is either the integral for electric multipole transitions or the integral for the magnetic multipole transitions [81] . Coulomb gauge and L L 1 + in Babushkin gauge. In the non-relativistic limit, G=0 gives the velocity form of radiation matrix elements, while G L L 1 = + gives the length form.
The absorption oscillator strength f if
The dimensionless absorption oscillator strength f if for a transition from the initial level i to the final level f are calculated in the single multipole approximation via transition probability for each multipole type. In this approximation, the transition rates of different multipole type will be summed up to obtain the total radiative rate. Therefore, we will ignore any interference effects that could hypothetically exist due to different phases (signs) of various contributions to the transition matrix element. Under these conditions, the oscillator strength
The last equation can be written in terms of the reduced matrix elements as
where the reduced matrix elements 
On the other hand, the renowned spin factor g s [84] can be represented as The correction to the electron g s factor leads to a correction to the relativistic interaction Hamiltonian by an amount
where J G and J g represent the configuration and any other quantum number required to specify a CSF, and C r are the expansion coefficients. On the other hand, the CSFs are sums of product of four components spin-orbital function named Dirac wavefunctions. The spin spherical harmonics km c defined in equation ( 
Moreover, an angular recoupling computer program [85] is used in order to reduce the matrix elements
to terms involving single-particle orbitals only:
where
and the {} denotes the 6j-symbol. However, the single-particle matrix elements can be reduced into angular factors and radial integral:
The traditional hyperfine interaction
In the relativistic framework, the hyperfine Hamiltonian is
where T n k ( ) and T e k ( ) are the spherical tensor operator of rank k, representing the nuclear and electron angular momentum, respectively, j and i designate the various protons and electrons, respectively.
The mean value of H hfŝ in a fine structure state J I F M F ñ | is given to first order as
where I is the nuclear spin and F=J+I is the total hyperfine angular momentum quantum number. For the magnetic dipole case, k=1, while in the electric quadrupole case k=2.
For sake of simplicity, we express the nuclear dipole moment in nuclear magneton n m units, the nuclear dipole moment I m can be written as 
where e is the absolute value of the electron charge and j denotes the jth electron in the atom 4.3.1. Calculation of the magnetic dipole hyperfine constant A MD The hyperfine constant A MD is related to to the nuclear magnetic moment by
By means of equation (63), the hyperfine energy splitting E MD due to the magnetic dipole is 
Since e is the charge and Q is the operator for the proton, then e Q represents the charge distribution in the nucleus.
On the other hand, the operator T q 2 ( ) is given by [88] as
/
By means of equation (70) , the hyperfine energy splitting E EQ due to the electric quadrupole moment of the nucleus
Numerical results and discussions

Evaluation of uncertainty in theoretical results
The evaluation of uncertainties associated with the theoretical results is mandatory for comparison with the experimental results. Uncertainty is shown to act as a judge of acceptability of theoretical predictions as compared with experimental measurements. The uncertainty of the calculated transition energy is given by [89, 90] as
Similarly, the uncertainty in the theoretical values of the Landé g-factor g can be estimated as an root mean square of errors for those levels whose Landé g-factors are experimentally known
Calculation proceeding
All the above equations are implanted in the General Relativistic Structure Package code called GRASP2K [91] . This code utilizes a fully relativistic treatment that could be applied efficiently for an arbitrary atomic and ionic system. We first start our calculations by generating the relativistic configuration state wavefunctions, by reference configuration to a set of spectroscopic levels with angular momenta up to the g-shell, which are used to generate the multiconfiguration basis. Core-valence correlation was accounted for by performing a single excitation from the 4p-shell orbital to one of the valence shell orbitals. Moreover, we consider all the n=4 core subshell orbitals as active orbitals; in which single and double excitations among those spectroscopic orbitals is allowed, this effectively describes the core polarizations effects. In these excitations, the set of orbitals {1s, 2s, 2p, 3s, 3p, 3d} is designated as n=3 set, while the sets of orbitals {1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f} and {1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 5g} are designated as n=4, 5 sets, respectively and the set of orbitals {1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f, 6g} is designated as n=6 set.
At the second stage of the calculations, with a well-optimized relativistic orbital basis at hand, additional effects from the Breit interaction and the radiative QED corrections in the form of the electron self-energy and vacuum-polarization are included in the wavefunctions through a subsequent RCI calculation. Once the wavefunctions have been obtained, we calculated all other physical observables of interest, such as excitation energies, radiative transition rates, oscillator strengths, hyperfine parameters, and Landé g-factors.
The radial functions and expansion coefficients were improved to self-consistency using the multiconfiguration self-consistent field (MCSCF) procedure [92] . The corresponding eigenvalues and eigenvectors are determined by means of the iterative Davidson method [93] . Hereafter, we used these eigenvectors in order to calculate the required allowed transition data between levels of odd and even parities. Selection rules for electric-dipole transitions in the jk coupling scheme are: Δ J=0, ±1, Δ J=0, Δ k=0, ±1 and Δ l=±1. However, these rules are not strictly respected, since transitions with change of the ionic core as well as transitions with Δ l=3 are observed (due to configuration-interaction effects) [94] .
Moreover, the electric dipole transition rule requires that the parity of initial and final states must be different for an allowed transition.
The electron correlation effects are taken into account systematically with the active space approach. The building of the configuration space is tuned not only to capture the electron correlation effect efficiently, but also for circumventing the convergence problem that one frequently encounters in SCF calculations. The correlation between the valence electron and the core electrons as well as the core-core correlation are taken into account by single excitation of electrons from the external orbital 4p 6 of krypton to n′l′-valance orbital and keeping the core-orbitals active ([Ar]3d(10, 5 n′l′ configuration states and one set of orbitals is optimized. For the levels under consideration, only 5s, 6s, 7s, 8s, 5p, 6p, 7p, 4d, 5d, 6d, 7d, 4f and 5f orbitals were treated as valence and varied in the calculations that were performed for 4n8. For n=8, only 8s orbitals were considered. The other orbitals were treated as core ones. To first order correction by perturbation theory, the first order correction of ASFs (1) is written as a linear combination of all CSFs. These CSFs interact with the zero-order ASFs
, and thusly can be written as a linear combination of CSFs that are obtained via single excitation from occupied orbital of the reference configuration to the virtual orbitals. The virtual orbitals were added layer by layer where we generated four layers containing the orbitals s, p, d and f. In order to systematically emphasize the effects of single excitation, we start by involving the CSF's that arise from the excitation of one electron to account for the valence-core interactions. The changes in the transition energies and rates comprise the core-valence contribution.
Furthermore, the virtual orbitals were produced in a restrained configuration space. In this space, only a certain number of electron-pair correlation were counted in the MCDHF. Afterward, a series of CI calculations including different electron correlation effects are carried out in order to select the significant ones.
The hyperfine structure constants and Landé g-factors are calculated to first order hyperfine interaction in frame of the MCDHF method. Hence, the distortions of electron shell by nuclear moments are not taken into account in the calculations [95, 96] between the present and NIST values may be due to several factors. The first factor may be attributed to the errors in the calculation of the correlation effects on the ground state and on the excited states. These errors on the excited states largely (but not totally) cancel out in the excitation energies. So, it is the difference in the amount of included correlation effects in the two levels that may influence the accuracy of our calculated values. The second one might due to the nucleus mass and spin which vary from isotope to another. Both nucleus mass in atomic unit and spin should be taken into account during the calculations.
The third factor might due to perturbing levels of the strong and weak series. [7] . Moreover, the level at 111 072.5 cm −1 is assigned to 9d[1/2] 1 by [7] . Due to these perturbing series, many levels were left without measuring by Kaufman and Humphreys [101] . The last factor might be due to the spin-orbit interaction and the perturbation between the levels belonging to the same series. For the perturbing 5s, 6s, 7s, and 8s-series, the levels The spin-orbit coupling and perturbation are formidably remarkable in the 5d, 6d and 7d-series. The spin-orbit interaction couples more than two levels. In the 5d-series, the levels 3 Interpretation of the obtained theoretical results for the levels belonging to the 4f and 5f-series was a challenging task. On one hand, the energy positions of the levels belonging to these series are close to each other than in the other series. On the other hand, the level After all, by virtue of these couplings and perturbation effects, assigning of the theoretically obtained energies to the corresponding experimental levels was an arduous mission.
On the whole, our computed energies for the 5f′ All the energy levels presented here in the MCDHF framework can be used to compare them with other theoretical and experimental values to improve uncertainty or to identify unknown lines in Kr spectra as well as a criterion to determine the laser wavelength required to excite these levels from the ground state. 83 Kr I In this section, we discuss our results of numerical calculations of the oscillator strengths and transition rates from the ground state to the excited states belonging to the intermediate Rydberg series 83 Kr I. Since the transitions from the ground state to the levels 5p, 6p, and 7p as well as to the levels 4f and 5f are not allowed by electric dipole selection rules, we calculated all the 4p Comparison of results obtained in the different gauges provides a means of estimating the uncertainties of the calculation. If the wavefunctions were analytically exact solutions of the equations solved, the results should be gauge-invariant. However, our solutions are found by an approximate numerical method, and the degree of departure from the gauge-invariance can serve as an indicator of numerical convergence.
Calculation of oscillator strengths and transition rates in
The discrepancy between the values of the oscillator strengths in Babushkin and Coulomb gauges was also reported by Froese Fischer and Rubin [103] , Bieron and co-workers [104, 105] , Irimia and Froese Fischer [106] and Zhou and co-workers [107] . This disparity may be ascribed to the fact that the amplitudes of the electric dipole transition in both Babushkin and Coulomb gauges are susceptible to diverse radial part of the wavefunctions. Thence, the difference between the values of the oscillator strengths in the two gauges cannot be considered as an error bar of itself. In contrast, the difference between the Babushkin and Coulomb gauge values clarify the fact that the core-polarization model is unsuitable to accurately compute the energy differences between the initial and final levels of all transitions as interpreted by Irimia and Froese Fischer [106] . Zhou and co-workers [107] noticed that the inconsistency in the oscillator strengths between Babushkin and Coulomb gauges is very large. In their work, the values of the oscillator strengths in the Coulomb gauge are much larger than those in the Babushkin gauge. Zhou and co-workers ascribed the gauge differences to the fact that the amplitudes of the electric dipole transition in both gauges are sensitive to different radial region of the wave functions. Bieron and co-workers [104] noticed a 20% difference between the values of the oscillator strengths calculated in the two gauges. They reported that the Babushkin gauge values fell within the experimental error limits. Also, they noted that the gauge difference was somewhat larger than 35% for the calculated values of the transition rates. They concluded that the agreement between the values of the oscillator strengths in Babushkin and Coulomb gauges is an indication (but not a proof) of convergence of the results [104] , and it is a useful indicator of the degree of saturation of correlation effects in the partially saturated multiconfiguration calculations of transition rates [105] .
From our point of view, the two gauges display different energy dependence. The Coulomb gauge is strongly energy dependent, whereas the Babushkin gauge is less dependent on the calculated values of transition energy. The transition rate in the Coulomb gauge is sensitive to the wavefunction accuracy at large distance from the nucleus, which is usually worse than near the nucleus. Moreover, some contributions to the transition rates in the Coulomb gauge cannot be computed with GRASP2K codes. For that reason, the values of the oscillator strengths and transitions rates obtained in Babushkin gauge usually adopted by researchers in order to compare these values with the experimental ones. On the other hand, the calculations of energy level differences require well balanced orbital sets and typically necessitate highly extensive multiconfiguration expansions. If a common set of orbitals is used for both states, the results in both gauges converge and will be in fair agreement with the experimental ones [105] .
In order to obtain an idea about the accuracy of our computed results, we compare them with the experimental and theoretical results published over the last decades by other researchers. Tables 3 and 4 respectively. These tables exhibit discrepancies between different experimental and theoretical results. Our results appear to be the best ones that match most of the theoretical and experimental results. For the transition 4p 6 1 S 0 -3p 5 5s 3 P 1 , we perceive that our theoretical results in Babushkin and Coulomb gauges are in 90% agreement with the relativistic many-body calculations of Euripides and co-workers [50] and the parametrized potential calculations of Aymar [108] and Aymar and co-workers [52, 55] and in 15% deviation from the other results published by different researcher. This agreement along with the consistency between the two gauges in different frameworks of calculations further warrants the accuracy of our computational procedure and implies dependable atomic wavefunctions. For the transition 4p 6 1 S 0 -3p 5 5s 1 P 1 , we see that our theoretical results are in satisfactory agreement with the theoretical results as well as the experimental ones. The slight difference between our theoretical results and the theoretical ones reported by other researchers can be ascribed to the Breit interaction that was not taken into account in the many-body calculations [50] and the parametrized potential calculation [52, 55] .
On the other hand, the agreement between our data and the experimental data is generally satisfactory. However, the large dispersion between the experimental data cannot offer a test of the quality of our theoretical data. The uncertainty in the calculated values of the oscillator strengths comes from uncertainty in the wavelength transitions, the radial matrix elements and the coefficients of angular expansion. Thereupon, more experimental data are required in order to judge the accuracy of our theoretical data.
Excluding the oscillator strength for the 4p Data of transition probabilities in noble gas spectra is helpful in several area of physics such as astrophysics, plasma physics as well as laser physics. However, data on electric dipole transitions are sparse and suffering from shortcoming, especially in [52] . Although, our results in Coulomb gauge are in quite agreement with one of the experimental results of specified transition and not the same one all the time. Whereas our results in Babushkin gauge disagree with both experimental and theoretical results. The reason for this disagreement is ambiguous and further research is required to highlight this. From our point of view, this disagreement may be due to core-valence correlation. Since this correlation is a mixture of core polarization, an electrostatic long range rearrangement as well as an electron-electron cusp correcting effect [121, 122] , the Cusp correcting effect works toward decreasing all energies with an amount that governed by the overlap of the charge distribution of the valence electron as well as the core. Similarly, the core polarization effect works towards decreasing all energies other than 1 S 0 due to the spherical symmetry of the valence electron charge distribution. These effects justified the low values of the experimental and our results for the [50] 0.200 0.19 Gruzdev et al [54] 0.19 Aymar et al [55] 0.215 0.185 Aymar et al [52] 0.176 0.193 Aymar [108] 0.202 0.191 Kim [109] 0.208±15% Gruzdev [56] 0.20 Geiger [39] 0.25 Molino et al [110] 0.18±0.01 Gibson et al [111] 0.1775±0.0050 Ligtenberg et al [32] 0.1751±0.0049 Chan et al [33] 0.214±0.011 Takayanagi et al [34] 0.143±0.015 Tsurubuchi et al [36] 0.155±0.011 Hahn et al [38] 0.235±0.019 Geiger [39] 0.195±0.039 Matthias et al [40] 0.208±0.006 Delage et al [112] 0.170±0.006 Geiger [42] 0.173±0.035 Griffin et al [43] 0.187±0.006 Vaughan [44] 0.204±0.02 Chashchina et al [45] 0.21±0.05 Lewis [46] 0 Owning to the lack of available experimental and theoretical data of transition rates for the levels under consideration, we were unable to do a comparison in order to infer reliably the accuracy of our calculated values of the transition rates in both Babushkin and Coulomb gauges. Since the values of the transitions rates are related to the values of the oscillator strengths, then the accuracy of our data of the oscillator strengths assures the accuracy of our data of the transition rates. Kr indicates that many of these data displayed in table 6 are reported here for the first time. A test of the accuracy of our results concerning the Lande g J -factor can be made by comparing them with the experimentally measured as well as theoretically calculated ones. Table 7 exhibits this comparison and shows that our data are in very good agreement with the experimental as well as the theoretical data published by other researchers. Such agreement testifies to reliability and the fairly accuracy of our theoretical results.
The accuracy of our theoretical values of the hyperfine constants is analyzed by comparing them with the corresponding experimental and theoretical data available in the literature. [50] 0.190 0.192 Gruzdev et al [54] 0.177 Aymar et al [55] 0.215 0.164 Aymar et al [52] 0.177 0.172 Kim [109] 0.166±15% Amusia et al [113] 0.353 ( f (l)+f (v)) Gruzdev [56] 0.20 Geiger [39] 0.143 Ligtenberg et al [32] 0.1496±0.0038 Chan et al [33] 0.193±0.010 Takayanagi et al [34] 0.127±0.015 Tsurubuchi et al [36] 0.139±0.010 Ferrrel et al [37] 0.180±0.027 Hahn et al [38] 0.168±0.027 Geiger [39] 0.173±0.035 Matthias et al [40] 0.197±0.006 De Jongh et al [41] 0.142±0.015 Geiger [42] 0.173±0.035 Griffin et al [43] 0.193±0.009 Vaughan [44] 0.184±0.02 Chashchina et al [45] 0.21±0.05 Lewis [46] 0.184±0.010 Molino et al [110] 0.17±0.01 Gibson et al [111] 0.1416±0.0041 Delage et al [112] 0.176±0.006 [52] 0.595 0.201 Lilly [114] 0.49 Dzierzega et al [115] 0.11±0.01 Chang et al [116] 0.27 Fonseca and Campos [117] 0.36 Ernst et al [118] 0.23 Brandt et al [119] 0 [115] 0.71±0.14 Chang et al [116] 1.6 Fonseca and Campos [117] 1.8 Ernst et al [118] 0.23 Brandt et al [119] 0 [52] 0.198 0.0848 Lilly [114] 0.14 Dzierzega et al [115] 0.055±0.006 Chang et al [116] 0.093 Fonseca and Campos [117] 0.13 Brandt et al [119] 0.049 14.62 Dzierzega et al [115] 14.18±0.5 Chang et al [116] 14.2 Fonseca and Campos [117] 13.3 Ernst et al [118] 15.6 Kascheck et al [120] 19. [52] 0.0841 0.0397 Lilly [114] 0.06 Dzierzega et al [115] 0.05±0.007 Chang et al [116] 0.07 Fonseca and Campos [117] 0.09 Brandt et al [119] 0 [115] 27.32±0.18 Chang et al [116] 28.6 Fonseca and Campos [117] 27.3 Ernst et al [118] 25.8 Kascheck et al [120] 35 [52] 0.0345 0.0664 Lilly [114] 0.03 Dzierzega et al [115] 0.076±0.05 Chang et al [116] 0.1
This work 0.071 3105 0.118 808 Aymar and Coulombe [52] 0.0633 0.141 Lilly [114] 0.05 Dzierzega et al [115] 0.106±0.006 Chang et al [116] 0.13
This work 13.5953 7.583 10 Aymar and Coulombe [52] 12.6 9.5 Lilly [114] 9.99 Dzierzega et al [115] 8.96±0.29 Chang et al [116] 8.16 Fonseca and Campos [117] 10.9 Ernst et al [118] 11.0 Kascheck et al [120] 11.7
Brandenberger's [130] analysis is ascribed to their analysis relying on the transition 5s [ EQ However, a 3 MHz error is within Jackson's error estimates for his measured splitting. In Brandenberger's research, the central peak in question with its 100 MHz linewidth is only partially resolved from the slightly stronger peak due to the even isotopes in his isotopically enriched sample. By consequence, the assumed error is in the expected direction, towards the even isotope peak, and 50% greater than his error estimation on the line splitting. We also considered the results of Husson and co-workers [66] where parametric analysis was carried out in order to predict the hyperfine constants in the 5s and 5p in 83 Kr. from the 5p-staes as input data in order to fit radial monoelectronic hyperfine parameters from which they evaluated the A MD and B EQ constants for the levels belonging to the 5s and 5p manifolds. It is curious that they predicted the hyperfine constants of the 5p[3/2] 1 level, which was one of the states they used in fitting the parameters of both the experimental and theoretical values. Moreover, lacking as input to these predictions was hyperfine structures data on the 5p′ [ [52] 0.0344 0.143 Lilly [114] 0.03 Dzierzega et al [115] 0.074±0.003 Chang et al [116] 0.17 states were unknown at that time. Therefore, the good agreement between the experimental and the experimental and theoretical values of the hyperfine constants reported by Husson and co-workers is not surprising, especially considering that they used the experimental values of 5p′[1/2] 1 among others in order to predict their theoretical values as mentioned before. Under these circumstances and due to the scarcity reliable experimental data for the levels under consideration in this manuscript, we were unable to judge the accuracy of our theoretical results for the hyperfine constants. However, the predicted values of these constants rely on the F 3 levels, our theoretical values of these constant for eighty seven levels are reported here for the first time.
Conclusion
We have employed the multiconfiguration Dirac-Hartree-Fock (MCDHF) method for treating the intermediate perturbing Rydberg series ns[K] J (5n8), nd[K] J (4n7) and the autoionizing Rydberg series np[K] J (5n7) and nf[K] J (4n5) in neutral krypton-83 isotope. As a result, we obtained an extensive, accurate and complete new spectroscopic data set for many levels belonging to these series relative to the ground state 4p 6 1 S 0 for neutral krypton-83 isotope. The data set is composed of the energy levels, the oscillator strengths f , ij the radiative transition rates A , ij the Landé g-factors, as well as the magnetic dipole and the electric quadrupole hyperfine constants. Although, we have arrived at a set of the oscillator strengths and transition rates values in Coulomb and Babushkin gauges for the important 4p A test of accuracy of our results was made by comparing them with the experimentally measured as well as theoretically calculated ones. This comparison had two objectives. On one hand, it showed that our data are in good agreement with the experimental as well as the theoretical data published by other researchers. Such agreement testifies to reliability and the fair accuracy of our theoretical results. On the other hand, it showed the scarcity of available experimental and theoretical atomic data of neutral krypton-83 isotope. Consequently, the present work provides a data set to fill in the gaps in the spectroscopic data of 83 Kr. Finally, it is hoped that this theoretical work will soon make contact with experiment in order to stimulate further accurate, and reliable experimental works on 83 Kr.
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